The mechanisms for the development of accretionary prisms in subduction complexes is numerically simulated using finite element plasticity analysis and the Barbados problem as an example. The accreted and subducting sediments are modeled as elastoplastic continua separated by rigid-plastic contact elements to simulate the thrusting mechanism. Results of the analyses demonstrate the importance of both lateral compression and topographic slope in the development and propagation of accretionary prisms in the Barbados subduction complex, affirming the analytical theory on the mechanics of thin-skinned fold-and-thrust belts presented by Chappie [1978]. Numerical analyses also reveal that the shape of the accretionary prism requires a critical balance in material characteristics such as the frictional strength of the basal layer, the modulus of the d•collement, and the flow laws governing the yielding of the elastoplastic accretionary prism itself. Finally, it is shown that, unless the high normal stress at the base of the overriding plate is counteracted by a high fluid pressure localized in the d6collement region, the frictional component of the basal traction will make the horizontal propagation of accretionary prisms difficult.
INTRODUCTION
The objective of this paper is to demonstrate the importance of lateral compression and topographic slope in the development and propagation of accretionary prisms in the Barbados subduction complex. Previous theoretical studies reveal opposing viewpoints as to which of the two factors plays a major role in the formation of accretionary wedges [Elliott, 1976; Chapple, 1978] . By fixing the basal strength of the wedge to essentially equal that of the wedge, Elliott [1976] concluded that the gravitational term dominated the horizontal push term. By explicitly allowing the basal strength to be very weak, however, Chapple [1978] concluded that the horizontal compression term dominated the gravity term, unless the basal strength approaches that of the wedge. In this paper, numerical solutions are obtained using the finite element method to demonstrate that, in support of Chapple's analytical conclusion, both lateral compression and topographic slope can play a major role in the development and propagation of thrust sheets.
The mechanical model employed for characterizing the Barbados subduction zone involves a wedge-shaped deforming region in which the back part is thicker than the toe of the thrusts, similar to those adopted by Chapple [1978] and Stockreal [1983] . However, unlike their models where the material had a constant strength, the present model allows for material strength and stiffness which both increase with Recent theoretical studies suggest that the mechanics of accretionary wedges can be modeled analytically using the theory of plasticity [Hill, 1950] , with appropriate solutions formulated either graphically, such as by the slip line method [Stockreal, 1983] , or in closed form [Chappie, 1978; Davis et al., 1983; Dahlen et al., 1984; Zhao et al., 1986] . Such analytical solutions are constrained by the need to use simplistic assumptions such as perfect plasticity and thinskinned wedges to overcome the difficulty of dealing with nonlinear materials and complicated two-and threedimensional problem geometry. The finite element method is used in this study to incorporate complicated geometry and material nonlinearities that would otherwise make the development of a general analytical solution impossibly difficult.
The finite element solution employed in this study is based on a continuum formulation. Material response is modeled using the theory of plasticity [Hill, 1950] . The accretionary prism in the Barbados subduction complex is modeled as a Drucker-Prager elastoplastic material whose yield stress is a linear function of the confining stress and whose strength parameters are as given by Marlow et al. [1984] . The highly sheared decollement is modeled as a weaker Drucker-Prager elastoplastic material overlying an undeformed underthrusting sediment [Moore et al., 1987] , the base of which is assumed to move at an estimated rate of 20 mm/yr [Minster and Jordan, 1978] . The elastic stiffness of the accreted sediments is assumed to increase with increasing overburden stress.
To demonstrate the applicability of the mechanical model to other rheologies, a patch test is presented in which accretionary prisms are shown to develop on an elastoplastic material governed by the von Mises yield criterion with a bilinear hardening law. We show in this verification test that sliding is a necessary ingredient in modeling the development of an accretionary prism. To simulate a "sliding" mechanism, contact elements are employed. These node-on-node elements allow the accreted sediments to slide in relation to the subducting layer. Theoretical formulations are described which enable one to specify a maximum basal traction obtained by applying the Mohr-Coulomb failure criterion in the contact element logic. It is shown that basal shearing resistance should be approximately uniform; otherwise any significant frictional resistance would make the development of accretionary wedges extremely difficult. examine the deformation pattern in the Barbados subduction complex based on the above setting, focusing on the major driving forces necessary to generate and propagate a prism. We refer to the profile shown in Figure 1 and consider the following mechanical model.
Model Description
The model used in this study is shown in Figure 2 . The cross section in this figure is divided into three zones typical in the Barbados complex: (1) an elastoplastic accretionary wedge subjected to a significant amount of shortening and thickening represented by region A; (2) a highly sheared elastoplastic d•collement in which sliding and thrusting take place, represented by region B; and (3) an undeformed underthrusting sediment represented by region (2. Region B is considered essential in demonstrating that in addition to the strength of wedge materials, the wedge shape is also influenced by the d•collement's strength and stiffness. Region (2 allows the displacements of the moving boundaries to be imposed via the "penalty method" described by Bathe [1982] , enhancing quick convergence of the iterative solution.
Relative plate movements can be imposed by allowing boundaries 1-2-3-4 in Figure 2 to move leftward (i.e., arcward in Barbados) in relation to the upper accreted sediments. Shortening of region A is achieved by fixing boundary 5-6 laterally with roller supports so that heaving is allowed and a prism is developed concurrently. In the context of wedge mechanics, boundary 5-6 is the backstop which creates the bulldozing action of the overriding plate, representing a wedge portion where lateral movement essentially ceases [Barr and Dahlen, 1988] . Thrusting and sliding are simulated using "stick-slip" contact elements on the slip zone represented by the interface 5-2. Details of the contact theory employed are presented at the end of this section. A plane strain condition is assumed. Initial geometry and material nonlinearities can be varied in the mechanical model, thus providing the versatility and solution accuracy not achievable with analytical models for simulating the motion of thrust sheets thus far presented in the literature.
Equilibrium Equations in Differential and

Finite Element Forms
Consider the following nonlinear boundary value problem associated with the configuration shown in Figure 2 . Let x be the position vector defining the coordinates of any point inside the total region shown, and let the gravity load and surface traction vectors be represented by f -f(x) and h = h(x), respectively. We seek the displacement vector u = u(x) such that the following differential equations of equilibrium In addition to equations (1)-(3), the solution of the above boundary value problem should satisfy a constitutive equation characterizing the mathematical response of the subject material to imposed movements. In equivalent terms, we seek the evolution of stresses •r = •e) corresponding to given strains e = e(t) consistent with a given rheological model used in defining the response of the material.
Plasticity Models
In this paper we consider two fundamental plasticity models widely used in finite element applications to describe the constitutive behavior of the accreted and subducting materials: the Drucker-Prager and Von Mises plasticity models. The choice of these simple models over more complicated models is justified by the fact that (1) laboratory and field test data are scarce and inadequate to provide the large number of material parameters usually required with more sophisticated constitutive models and (2) 
where 6-0 is the uniaxial yield stress, k p is the effective plastic strain, H' is the hardening parameter [see Hill, 1950] , and all other symbols are as previously decribed in equations (5) and (6). Equation ( The internal force in a contact element has a component f, = k, 5 in the direction n and a component f, = kty in the direction m. By specifying large values of k,, and kt, the separations 5 and y can be made as small as the computer system permits. The contact logic is that when y is large enough to cause ft to reach a maximum threshold f,•ax, the contact elements will rip tangentially and adjacent elements will slide, thus allowing thrusting to take place.
In line with the failure strength criterion widely used in soil mechanics, we shall derive an expression for the param- A gravity load represented by a unit weight of 1.0 per unit volume is applied in full during the first time increment, and the displacement vector is reinitialized to zero thereafter. A total horizontal plate movement of 1.0 unit leftward was imposed in 10 steps on the moving boundaries. A separate analysis employing two load steps was also performed with results not differing by more than 5% from those obtained using a 10-step solution, demonstrating that the closest point stress integration procedure described in the preceding section results in a solution accuracy that does not significantly depend on the number of load steps employed. Considering that each time step will potentially require a significant number of iterations for convergence and may be expensive particularly when solving large-scale problems, this algorithmic accuracy is extremely desirable from the computing standpoint, since one can use fewer time steps in the solution and still expect to obtain equally accurate results. Figure 7 shows a deformed mesh resulting from the imposition of the prescribed boundary displacements, assuming a condition of "perfect stick." This condition is achieved by specifying a large value Offmax SO that no separation of contact elements is allowed. Since relative sliding is prevented between adjacent elements, significant distortion of the elements near the left boundary is generated. Looking at the deformation pattern shown in Figure 7 , it is concluded that this perfect stick solution cannot represent the actual mechanism taking place in typical subduction zones. These limiting tangential contact forces were so chosen such that sliding on the interface will just take place in the interior of the mesh for the given imposed boundary movement of 1 unit leftward. The condition fmax = 0.3 caused the three left-most contact elements to slide, resulting in the development of a prism sloped at a maximum angle of 5 ø on the ground surface; the condition fmax --0.1 caused the eight left-most elements to slide stably over the base, resulting in the development of a prism gradually tapering at about 1.5 ø.
From additional analyses, it is noted that choosing an fmax > 0.5 will result in a perfect stick mode for the given imposed leftward boundary movement of 1.0 unit; choosing an fmax < 0.1 will cause all contact elements to tangentially slip, resulting in a flatter ground profile. Thus the higher the fmax, the steeper the slope, since the basal shear stress is more able to hold this slope. On the other hand, the lower the fmax, the faster the d6.collement propagates (cf. The fact that the resulting topography obtained from this numerical test is not flat for the condition fmax > 0 implies that basal shear stresses, produced by subduction of the underlying plate, are major driving forces for the deformation within the wedge. The fact that the initial topography is flat and yet a prism is formed implies that lateral stresses play a major role in the development and propagation of a prism. In the next section we shall focus on a more realistic application of the above modeling technique and demonstrate that both lateral compression and topographic slope can be major driving forces for the generation of prisms. The base of the underthrusting elements representing the subducting Atlantic Ocean crust is assumed to move at a rate of 20 mm/yr leftward. The contact elements in the slip zone are given the following strength parameters: c i = 4 MPa and Oi = 0. In the first time step the gravity load was applied in full and the displacements reset to zero thereafter. Ten time steps equivalent to 10,000 years per time step were then imposed, resulting in a final arcward movement of 2 km in 100,000 years, or an average imposed wedge shortening of 10%. In another analysis a five-step solution was also performed with results not differing from the 10-step solutions by more than 5%, implying that the accuracy of the 10-step solutions is sufficient. The sediments were modeled as an elastoplastic material yielding according to the Drucker-Prager yield criterion with associative flow rule described in Appendix B. To model a weaker d6collement, an initial tangent modulus E, 100 times smaller than is predicted by equation (14) for this depth was assumed. The sensitivity of the results to the d•collement's E, will be discussed subsequently. 
It is worthy of note that linear variations of E, and s, with depth have likewise been established by Zhao et al. [1986]
Horizontal Propagation of Accretionary Prisms
The theory for the mechanism of moving thrusts by gravity gliding has been known and accepted by geologists since the early 1900s. This theory states that thrusts move under the influence of gravity alone [Elliott, 1976] , and hence a surface slope is needed for thrust belts to form. Recognizing that the gravity gliding theory leads to difficulties when applied to a number of situations, Chapple that a smooth, convex topographic slope is eventually formed in Figure 11d for ci = 20 MPa and (3i = 2 ø.
In summary, this section demonstrates that lateral compression can be transmitted at significant horizontal distances within a wedge and can even move a mass of earth "up" the basal slope (in this example, /3 = 2 ø) even in the absence of an initial topographic slope.
Influence of topographic slope. In order to demonstrate the importance of topographic slopes in the propagation of accretionary prisms, two meshes of the same dimensions were considered: the first with an initial forward slope of a = 0 and the second with an initial forward slope of a = 2 ø. We enforce the condition that a + /3 = const, so that the effect of horizontal compression will be the same for these two meshes, thus focusing our attention on the sole effect of surface topography. Consequently, we choose the following subduction angles:/3 = 2 ø for the first mesh and/3 = 0 for the second. Figure 12a shows the initial finite element mesh. Figure  12b represents the deformed mesh, after 100,000 years, corresponding to the first case in which a = 0 and/3 = 2 ø, assuming that ci = 20 MPa and (3i = 2ø (this figure is identical to Figure 11d ). Using the same material parameters but increasing the forward slope to a = 2 ø, Figure 12c shows a resulting topography significantly different from that shown in Figure 12b and characterized by gravity-assisted soil slumping in the forward end of the mesh. This slumping in the forward end is due to higher driving forces, which now include the gravity component derived from the topographic slope, which are much too high for the now seemingly weakened base to carry. Holding the initial topographic slope constant and increasing the friction angle to (3i = 3ø and 3.5 ø (Figures 12d-12e) , the higher driving forces are now gradually offset by correspondingly higher available basal tractions, so that at (3i -3.5ø, the wedge thus formed again shows the convex shape typical in Barbados.
The question of whether the topographic slope is first formed by lateral compression or whether lateral compression is a result of an initial topographic slope in the formation and propagation of thrust sheets is a chicken-and-egg issue and will not be resolved in this paper. However, what is important is to note that results of the above analyses show that both factors influence the shape of accretionary prisms significantly once the wedge has formed.
On the Frictional Behavior of Contact Elements
It is of interest to investigate what the shape of the prism would be like if the basal layer is treated as a frictional, rather than plastic, material. It is also of interest to study the influence of the ddcollement's stiffness on the shape of the resulting prism. To this end, we again consider the mesh of Figure 12a with a = 2 ø and /3 = 0 and now assume a ddcollement stiffness E, 10 times smaller than is given by equation (14) for a given depth (note that this modulus is now 10 times larger than what was used previously). Figure 13a shows the initial mesh. Plugging in the values for the interface friction angle of (3i = 4ø, 5ø, and 6 ø, the results are plotted in Figures 13b-13d . Observe that the prism of Figure  13b ((3• = 4ø) We close by pointing out the following limitations of the model presented:
1. The finite element solution employed in the analyses is based on a small deformation formulation. This implies that the geometry of the mesh is the same before and after deformation. Because the solution does not update the geometry of the mesh, a rectangular mesh was used to demonstrate the formation, and a wedge-shaped mesh was used to demonstrate the propagation of accretionary wedges. For a complete analysis demonstrating the sequence of events in which the geometry of the mesh is updated and rigid-body rotations incorporated, a finite deformation formulation must be employed [McMeeking and Rice, 1975; Malvern, 1969; Hughes, 1983] . This is the subject of another study now in progress.
2. The model requires that the location of the weak basal layer be specified a priori. In equivalent terms, material weaknesses are prescribed in the solution rather than tracked from a complicated process of material softening and remolding as would naturally occur. This is in line with the paper's objective to present a general trend rather than duplicate a case history. 
